Ariebreen is a small (0.37 km 2 )-valley glacier located in southern Spitsbergen.
Our ground-penetrating radar surveys of the glacier show that it is less than 30 m thick on average, with a maximum thickness of 82 m, and it appears to be entirely cold. By analysing digital terrain models of the ice surface from different dates, we determine the area and volume changes during two periods, 1936Á1990 and 1990Á2007. The total ice volume of the glacier has decreased by 73% during the entire period 1936Á2007, which is equivalent to a mean mass balance rate of (0.6190.17 m y
(1 w.eq. The glacier thinning rate has increased markedly between the first and second periods, from (0.5090.22 to (0.9590.17 m y (1 w.eq.
Most Svalbard glaciers have experienced a significant recession since at least the 1930s, and most likely since the end of Little Ice Age in the early part of the 20th century (Werner 1993) . This recession has manifested as thinning and retreating of glacier tongues, though a simultaneous thickening at the uppermost elevations has been reported at many locations (Bamber et al. 2004; Nuth et al. 2007 ). Moreover, the thinning rate of western Svalbard glaciers has increased during the most recent decades ).
Ariebreen (778 01?N, 158 29?E) is a small-valley glacier (0.37 km 2 in August 2007) located in Wedel Jarlsberg
Land, Spitsbergen, Svalbard, ca. 2.5 km to the north-west of Hornsund Polish Polar Station (Fig. 1) . The head of the glacier faces east, whereas the tongue of the glacier faces south. The surface of Ariebreen is steep (mean value of about 158, with local values up to 308) and the glacier tongue is well exposed to solar radiation as compared to the upper cirque zone. It is of interest to analyse the evolution of Ariebreen under a changing climate because there are many of such small glaciers in Svalbard (Hagen et al. 1993) , and their response times to climate changes are expected to be short because of their limited thickness (Cuffey & Paterson 2010) . Accordingly, we aim to quantify the mass changes of Ariebreen from analysis of digital terrain models (DTMs) for the years 1936, 1990 and 2007 , constructed from aerial photographs and geodetic measurements, and to verify whether its mass loss has accelerated during the recent decades. Most glaciers investigated in the Hornsund area are known to be polythermal, such as Hansbreen and Werenskioldbreen (Pälli et al. 2003) . The small size of Ariebreen, however, might suggest that it is a cold glacier, although it was previously classified as polythermal (Jania (page number not for citation purpose)
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1988). We aim to verify, from ground-penetrating radar (GPR) data, whether Ariebreen is cold or polythermal as this may be important for the erosional capacity and the suspended sediment load of the Ariebekken river. This water discharge stream from Ariebreen flows out of Ariedalen valley to Revdalen valley through a wide delta, where biological and geomorphological studies have been conducted for 50 years (e.g., Kuziemski 1968) , hence the interest to characterize the hydrothermal regime of the glacier.
Data and methods
We estimated the present ice volume from GPR ice thickness data, and calculated ice volume changes from surface elevation changes by differencing DTMs. In this section, we describe the GPR measurements and how each DTM was created, and then discuss the planar area, total volume, volume change and mass balance computations by the geodetic method, with their error estimates. As a rule, we will use the terms ''bias'' and ''error'' to refer to the mean value and the standard deviation of the random variable error, respectively. As the bias represents a systematic error, we apply bias correction and take the standard deviation as an error estimate. The antennae configuration was collinear following the profile direction (parallel end-fire) in all cases. The 200-MHz antennae were chosen to obtain a higher resolution, in order to detect not only the glacier bed, but also the extent and thickness of the firn layer. The recommended equipment settings for working at 200 MHz limited the maximum depth sampled to about 40 m. Consequently, the bedrock was not reached in the areas of thickest ice. Using the 25-MHz antennae, the bedrock was detected in all cases. There have not been radio-wave velocity (RWV) measurements on Ariebreen, but estimates from many common midpoint (CMP) measurements at the neighbouring Hansbreen glacier (Jania et al. 2005) are available, for both spring and summer periods, and both cold and temperate ice. From their results, we apply a RWV of 168 m ms (1 , typical of cold ice. At the frequencies of the GPR antennae used, this implies a theoretical range (vertical) resolution of the radar data of 1.68 m for the 25-MHz antennae, and 0.21 m for the 200-MHz antennae, considering the range resolution as one quarter of the wavelength in ice. The range resolution provides a lower bound of the error in thickness. The total error in thickness depends on many factors and will be larger, as explained later. The processing of radar data included band-pass filtering, amplitude scaling, deconvolution, migration where required and conversion to depth using the above RWV.
Radar surveys and data processing

Digital terrain models
The DTMs of Ariebreen's surface elevation in different years have been constructed interpolating each year's elevation data at the nodes of a common grid. We used as the reference common grid that of the 1990 DTM, which was already available in gridded format (Jania et al. 2002; Kolondra 2002 ) and therefore did not require interpolation.
For estimating the error in elevation of any of our DTMs, o z DTM , we considered the contributions of both the error in the data points from which the DTM was constructed, o z data , and the surface interpolation error inherent to the generation of the DTM from such data points, o z interp . We assume that these errors are independent, so o z DTM can be estimated through the root of the squared summation of o z data and o z interp .
1936 DTM. We constructed the 1936 DTM from sheet B12 (Torellbreen, Spitsbergen) of the 1:100 000 Svalbard topographic map (Norwegian Polar Institute 1953), which is a photogrammetric compilation from oblique aerial photographs taken in 1936. The original map uses the European Datum 1950 (ED50), which we transformed to the WGS-1984 datum within UTM projection (Zone 33X). We digitized the glacier surface elevation from the map contour lines. We also digitized the glacier boundary data points from the map, but extracted their vertical coordinates from the more precise 1990 DTM, which was also used for the ice-free areas. We then interpolated the glacier boundary and surface elevation points to a 20 m ) 20 m regular grid using ESRI ArcGIS 9.3 tool Topo2Raster, which is based on the ANUDEM algorithm (version 4.6.3) developed by Hutchinson (1989) .
The errors in the 1936 DTM are large because of the uncertainties inherent to the original map, due to the photogrammetric techniques on oblique aerial photographs, and the poor coverage of the source data, limited to the glacier boundary and a few contour lines. To quantify a possible bias in the 1936 map, we compared the map elevations of three ice-free points with slopes lower than 208 in the neighbourhood of Ariebreen, with our own measurements by a differential carrierphase global positioning system instrument (GPS). We corrected the 1936 DTM with the resulting bias of (6.0994.23 m, which is very close to the systematic bias in map elevations between the 1990 and 1936 maps obtained by Nuth et al. (2007) for Wedel Jarlsberg Land ((6.50912.49 m) .
In the case of our 1936 DTM, we took as interpolation error the standard deviation of the residuals directly provided by the Topo2Raster routine of ArcGIS software, We surveyed the ice surface elevation and the glacier boundary of Ariebreen using a Leica TCR-1105 total station (Leica Geosystems, Heerbrugg, Switzerland). A total of 646 points were measured, of which 192 corresponded to the glacier boundary. The UTM coordinates were computed using Geonet software (Geonet w/2002/2.2). The 2007 DTM was generated using the Kriging method on the same regular grid 20 m )20 m used in 1936 and 1990 DTMs, getting o z interp 00.90 m as standard deviation of the residuals of the cross-validation process. The residual at each data point is evaluated as the difference between the actual data value, and the interpolated value (at this point) obtained using the remaining data points. The vertical precision of the original data points was better than 0.01 m, but, to take into account the uncertainties associated with the thin snow layer on the accumulation area or other surface irregularities, we assume a conservative value for o z data 00.50 m. The root of the squared summation of o z interp and o z data gives o z 2007 DTM 01.03 m.
Ice thickness (2007), bedrock topography and glacier elevation change maps Ice thickness (2007) and subglacial bedrock maps.
The ice thickness map was constructed from our radar data, using 461 ice thickness data points picked from the radargrams and 192 zero-thickness data points corresponding to the glacier boundary. The ice thickness points corresponded to two different campaigns, done at the end of a summer and the beginning of the subsequent spring. The difference in ice thickness at the crossover points of the radar profiles from different campaigns was used to estimate any possible bias. We detected a bias equivalent to the mean thickness of the snowfall between both radar campaigns, which was corrected accordingly. The radarretrieved ice thickness data have an error that depends on the vertical resolution of the radar and the uncertainties in RWV and travel time. We calculated this error at each GPR data point of Ariebreen following a technique similar to that described by Navarro & Eisen (2010) . The corresponding root mean-square errors of the ice thickness are o GPR200 00.66 m and o GPR25 03.46 m, for the 200-MHz and 25-MHz GPR data, respectively. From the original biascorrected ice thickness data, we interpolated the ice thickness map using the Kriging method, on the same 20 m )20 m regular grid as all other DTMs, giving an interpolation error o H interp 03.12 m. As done with the surface DTMs, in practice it can be assumed that the errors o GPR and o H interp are independent, and can therefore be combined as the root of their squared summation to give a characteristic error for the ice thickness map that, in the case of Ariebreen, was o H 03.29 m.
We also constructed a subglacial bedrock map subtracting the 2007 ice thickness DTM from the 2007 glacier surface DTM. Its associated error can be obtained from those of their independent error sources through the root of their squared summation, giving o B 03.44 m.
Surface elevation change, elevation change rate and elevation change acceleration maps. The maps of surface elevation change were constructed by subtracting the corresponding DTMs, all of which are built on a common grid 20 m )20 m. However, this operation required two preparation steps, as follows. (1) As the glacier extent was different for the distinct years, all DTMs were completed, beyond the glacier limits, up to a rectangle enclosing the largest glacier extent (1936) . The ice-free terrain points were taken from the 1990 DTM, except those of the area deglaciated during 1990Á2007, which were surveyed by us in 2007 using differential GPS (carrier-phase measurements). (2) We also corrected for terrain uplift due to post-glacial rebound or present-day ice melting. Employing the estimates by Sato et al. (2006) and Kierulf et al. (2009) , we took an average uplift rate of 0.005 m y (1 . As the 1936 map was already bias-corrected using ground control points measured in 2007, this correction was not necessary. However, the 1990 map used ground control points measured in 1995, so we corrected the 1990Á2007 surface elevation change map by the estimated uplift for the period 1995Á2007, even if this was a small bias.
As the errors for each DTM are independent, the error in surface elevation change, o DZ , is given by the root of the squared summation of the errors of the DTMs involved.
The elevation change rate maps for 1936Á1990 and 1990Á2007 were obtained from the corresponding surface elevation change maps and dividing by the number of years in the period considered. The map of the acceleration of elevation change was calculated as the difference between the elevation change rates for the periods 1936Á1990 and 1990Á2007, divided by the time between the centres of each period.
Computation of planar area, ice volume (2007), and area and volume changes
We used Surfer software (version 8) to calculate the planar area of Ariebreen in the different years from the corresponding DTMs, the volume in 2007 from the ice thickness map, and the volume change from the surface elevation changes between the different DTMs. For the volume change computation, we used Simpson's numerical integration method. These calculations involve both systematic errors (biases), which we corrected for, and various random errors, including the uncertainty on boundary delineation. The description of how all of these errors were estimated is given in the Supplementary File.
Mass balance rates: 1936 Á 1990 and 1990 Á 2007
Using the geodetic approach, the mean mass balance rate (Cogley et al. 2011 ) during a period Dt (integer number of mass balance years) is given bẏ
where r is the density of ice, Dz0DV =Ā is the mean elevation change, DV is the volume change and Ā is the average glacier area (mean value between initial and final areas). Equation 1 assumes Sorge's Law (Bader 1954) : that there is no changing firn thickness or density through time and that all volume changes are of glacier ice. This is a reasonable assumption in the case of Ariebreen, since most of the volume changes occur at lower elevations, below the equilibrium-line altitude, and therefore involve ice rather than firn. However, to account for a possible decrease in firn thickness, we took for the density a value of r0850 kg m (3 , slightly biased towards lower values as compared to usual ice density, and assumed a value of o r 0 50 kg m (3 for its error (Huss et al. 2009 ).
The error in mean mass balance rate is estimated as
where we computed the error in mean glacier elevation change o Dz as the error of the quotient DV =Ā. 1936Á1990, 1990Á2007 and 1936Á2007, are shown in Table 1 . Significant changes are observed for both area and volume. Figure 3c shows the surface elevation changes experienced by the glacier over the entire period 1936Á2007. The glacier thinning is remarkable, reaching values up to 100 m (ca. 1.4 m y (1 ) in the lower part of the glacier. To stress the different rates of mass loss over the periods 1936Á1990 and 1990Á2007, we present, in Fig. 4 , the spatial distribution of the elevation change rates for both periods and, in Table 2 , the corresponding mean mass balance rates. Note that the elevation change rates in Fig. 4a and b are given in metres of ice per year, while the mass balances in Table 2 are converted into metres in water equivalent (w.eq.) and computed over the average area for the period. Table 2 clearly shows that the mass loss has accelerated during the two last decades, while Fig. 4c shows the spatial distribution of this acceleration by displaying the elevation change acceleration between Radar results concerning the internal structure of the glacier
Results
Surface
The analysis of the radar sections (two examples are provided in Fig. 5 ) shows two main features concerning the internal structure of Ariebreen: (1) the radar records of both high-(200 MHz) and low-(25 MHz) frequency radars do not show any englacial diffractors or scattering typical of temperate ice; (2) the firn layer observed in the field measurements, whose approximate extent is shown by the equilibrium line positions in Fig. 1 , cannot be detected in our radar records because the 200-MHz profile on the upper glacier does not penetrate into the accumulation area (see Fig. 1 ), and the uppermost 6Á8 m of the 25-MHz data are obscured by the direct waves.
Discussion
Hydrothermal structure of Ariebreen
The radar data suggest that Ariebreen is entirely cold. This is not surprising, given that the relatively thin ice is not sufficient to prevent conduction of geothermal and internal heat fluxes, that the slow dynamics implies little strain heating, and that the limited extent and thickness of the firn area implies a reduced penetration of percolating water and the release of latent heat upon refreezing. Nevertheless, Ariebreen was classified in the past as a polythermal glacier (Jania 1988), on the basis of occasional observations of water outflows during winter time and proglacial icings. This, however, is no longer so widely accepted as an indication that the glacier is polythermal (e.g., Hodgkins et al. 2004; Baelum & Benn 2011) . Comparison of the mean mass balance rate with other regional studies According to our results, during the period 1936Á1990 the area of Ariebreen decreased by 26%, and the mean mass balance rate was (0.5090.22 m y (1 w.eq. For comparison, the results by Nuth et al. (2007) for Wedel Jarlsberg Land during the same period were a decrease of the glacierized area by 12%, and a mean mass balance rate of (0.3990.02 m y (1 w.eq. Ariebreen has therefore followed the regional pattern of changes, though at a larger rate. We attribute these enhanced losses to the small thickness of Ariebreen, which implies a short response time to changes in climate. The estimates of the mean mass balance rate of Svalbard by Hagen and co-workers (Hagen, Kohler et al. 2003; are even smaller in magnitude, (0.27 and (0.12 m y (1 w.eq., obtained using two different methods and data from the late 1960s to about 2000. However, this discrepancy arises because the north and north-eastern regions of Svalbard studied by Hagen and co-workers are less negative than the southern and western regions. During the second period analysed (1990Á2007), our data show a mean mass balance rate of (0.9590.17 m y
(1 w.eq., which can be compared to the (0.659 0.08 m y (1 w.eq. estimated by Nuth et al. (2010) for Wedel Jarlsberg Land and a similar period (1990Á2005). However, the mass losses experienced by Ariebreen are larger than the regional values. The negative mean mass balance rate of Ariebreen has nearly doubled between the two periods analysed. This marked acceleration of the mass losses is consistent with the regional trend, but at a larger rate than the regional value. This acceleration is apparent comparing the maps of elevation change rates for the periods 1936Á1990 and 1990Á2007 (Fig. 4a, b) , as well as in the map of elevation change acceleration (Fig. 4c) .
Spatial distribution of the elevation change rate Figure 4a and b show the spatial distribution of the elevation change rates for the periods 1936Á1990 and 1990Á2007, respectively, where nearly ubiquitous thinning is observed. During the earlier period, the largest thinning is shown between 260 and 360 m of altitude, and approaches zero at ca. 420 m in the shadowed area of the cirque. Although at the upper elevations a limited zone shows a slight thickening (see Fig. 4a ), this is not significant due to the rather large error of the map, stemming from the error of the 1936 DTM. This pattern of changes agrees with that observed in the regional study by Nuth et al. (2007) , who pointed out that, during 1936Á 1990, the elevation losses were largest at the lower elevations, while the upper elevations slightly thickened, and is also consistent with other studies in the area (Bamber et al. 2004; Bamber et al. 2005) . During 1990Á 2007, the thinning spanned the full altitude range of Ariebreen, though it was still more pronounced at the lower elevations. The changes at the upper elevations involve a switch from near-equilibrium conditions in 1936Á1990 to clear thinning conditions in 1990Á2007. Our elevation change rates for the latter period agree with the statement by Nuth et al. (2010) that, at higher elevations, Svalbard glaciers are generally thinning at rates from (0.1 to (1 m y (1 .
The likely reasons why the thinning rates of Ariebreen are largest at the lower elevations, and larger than the regional averages, are: (1) the morphology of Ariebreen, whose tongue is orientated towards the south and well exposed to solar radiation, while its upper part is largely shadowed, reducing melting by radiation; (2) the very low ice velocities of Ariebreen (maximum of ca. 1.6 m y (1 ). On a more active glacier, the ice motion would replenish the ice lost by melting at the lower parts and the actual thinning would be less. However, on Ariebreen, with very low ice speeds, a large part of the melting would result in a surface lowering and the thinning rate would become higher.
Spatial distribution of the elevation change acceleration
As shown in Fig. 4c , the acceleration of elevation change has been largest in the mid-lower elevations, which differs from the observation by Kohler et al. (2007) and by James et al. (2012) that the thinning acceleration on the upper parts of their studied glaciers is larger or similar to that measured in the lower part. We first note that the glaciers that they studied are located in other Svalbard regions (northern and central Spitsbergen, and Edgeøya) and span elevation ranges different from that of Ariebreen. Second, both Kohler et al. (2007) and James et al. (2012) argue that changes in albedo will more strongly influence the response higher upglacier as surfaces there change from snow to bare ice, for instance as a consequence of a trend towards less winter accumulation. However, such a trend has not been reported for Ariebreen region. These arguments could explain the different behaviour of Ariebreen. Nevertheless, if we take into account the low quality of the 1936 map, based on oblique photography, the actual poor camera views towards Ariebreen when mapping its upper reaches, and the difficulties of mapping snow-covered areas, then our observation of higher accelerations at the upper reaches of Ariebreen cannot be established as a firm conclusion.
Conclusions
The following main conclusions can be drawn from our analysis.
Ariebreen has experienced a significant shrinkage since 1936, involving both glacier thinning and retreat of its front. During the period 1936Á2007, its area has decreased by 47910%.
During the period 1936Á2007, the ice volume of the glacier decreased by 73912%. This is equivalent to a mean mass balance rate of (0.6190.17 m y
(1 w.eq.
During 1936Á1990, the thinning focused on the lower elevations, with negligible surface elevation changes at the upper part of the glacier, while during 1990Á2007 the thinning was widespread, though still more marked at the lower elevations. There has been a marked acceleration of the mass losses during the two last decades, from a mean mass balance rate of (0.5090.22 m y
(1 w.eq., for the period 1936Á1990, to (0.9590.17 m y (1 w.eq. for the period 1990Á2007. The corresponding acceleration of elevation changes spans the full altitude range of Ariebreen. Although our data suggest that the acceleration has been larger at the middle-lower elevations as compared with the cirque, the poor quality of the 1936 map does not allow us to firmly assert it. Ariebreen is an entirely cold glacier, with a firn layer thinner than 6Á8 m.
